Introduction
Future climate changes are expected to result in a generally warmer north European climate (IPCC, 2007b) . While the yearly precipitation is expected to stay nearly constant or increase slightly in the period up to 2100, significant shifts in the temporal distribution of the precipitation are expected to occur, although the expected nature of this shift varies greatly depending on the climate scenario in question (IPCC, 2007a) . In any case, climate change is expected to impact all aspects of the hydrological cycle, thereby changing the availability of fresh water.
The use of groundwater for irrigation is widespread in Northern Europe (Siebert et al., 2010) , and is expected to be significantly affected by climate changes. Agricultural demand for irrigation depends heavily on precipitation, and increasing temperatures may cause evapotranspiration to increase, further increasing this demand. However, there are other factors that may affect the irrigation demands, thereby dampening the effects of the climate changes. These include land use changes to fit the future climate and the expected increase in atmospheric CO 2 , which may decrease the transpiration of crops. All these factors, combined with the fact that the scale and nature of the climate changes is uncertain, means that assessing future irrigation demands is a complex task.
In any heavily irrigated hydrological catchment, changes in the amount and the pattern of the irrigation impacts the river discharge. This effect is particularly significant during summer, when irrigation is most intense and when the stream flow is smallest. Increasing irrigation causes a decrease in the stream flow at this critical time of the year, which, if significant, may harm the local ecosystems and wildlife that depend on the available fresh water.
In Denmark, approximately one third of all abstracted groundwater is used for irrigation (EUROSTAT, 2012) . But the requirement for -and use of -irrigation varies greatly within the country, primarily due to differences in nearsurface geology. In the western part of the country, where the top soils are dominated by sand, the use of irrigation is essential for agriculture to be feasible, which has translated into a very high degree of irrigation in this region. While only 18 % of the agricultural area in Denmark is equipped for irrigation on average (FAO, 2012) , almost 50 % of the agriculture in the western part of the country relies on irrigation. This translates into a potentially high impact on the stream flow in the catchment, especially during dry periods.
A number of studies have previously investigated the link between climate changes, irrigation demands and stream flow. Based on a global model for irrigation requirements and the two general circulation models, GCMs, ECHAM4 and HadCM3, Döll (2002) predicts an 8-10 % increase in irrigation demands for Western Europe in general between 1990 and 2070. Also using a global model, Fischer et al. (2007) found a significant spread in the expected increase in irrigation demand for a geographic area spanning Western Europe and Turkey. With mitigation of the future greenhouse gas emissions, their model predicted an increase in irrigation demands of 32-42 % from 2000 to 2070. However, without mitigation, increases between 42 and 147 % are expected for the same time span. The large spread found by this study illustrates very well the potential that climate change has for impacting irrigation demands, as well as the large degree of uncertainty associated with the issue. Furthermore, global studies such as Döll (2002) and Fischer et al. (2007) cannot accurately capture the strong variability of climate changes on a regional scale. For that, more local studies are required.
On catchment scale, studies have been carried out in a number of areas across the globe, ranging from North America to Brazil, Indonesia and Spain. For example, using a local model of the Guadalquivir river basin in southern Spain, Díaz et al. (2007) found that irrigation requirements would increase by 15-20 % by 2050. van Roosmalen et al. (2009) showed using a distributed hydrological model for a Danish catchment that irrigation may increase by up to 90 % in 2071 compared to the current level. However, this study featured a highly simplified land use description and only utilized the delta change (DC) method for bias correction.
The impact of the method used for adjusting the output from the regional climate models, RCMs, has been tested by a couple of investigations. Yang et al. (2010) used two different methods; the delta change method (Hay et al., 2000) and an approach referred to as distribution based scaling (DBS) (Piani et al., 2010) . Whereas the delta change method uses the observed data as baseline and adjustment of only the mean is carried out, the DBS method use the RCM results as baseline and adjust the entire frequency distribu-tion. In contrast to the delta change method, the distribution based scaling method will reproduce the dynamics of the climate model, e.g. inter-annual variability, prolonged periods of drought or number of days with precipitation. The resulting bias-corrected climate data were used as input to the rainfall-runoff model HBV to quantify the effects of climate change on three catchments in Sweden. The DBS approach was found to better preserve the future variability of the RCM outputs. Based on comparison of future discharge from the HBV model larger variability in discharge was found using the DBS adjusted data resulting in, e.g. larger extreme discharges than the delta change approach. DBS was found to be more sensitive to the projections used and preserved the annual variability from the corresponding climate model projection. In van Roosmalen et al. (2011) the impact of biascorrection method on the response of a distributed hydrological model was studied. The delta change method was compared to the DBS method. When comparing the hydrological simulations using both methods, only small differences on the hydrological response were found. It should however be noticed that only average quantities such as annual groundwater recharge, mean change in groundwater level or mean monthly river discharge were analysed. The authors recommend that additional work is needed to analyse, e.g. the impact on extremes.
The aim of this study is to assess the effects of downscaling methods on the impact of climate changes on irrigation demands and low flow of streams. A transient distributed physical based model is used, in which all the major hydrological processes are dynamically coupled. Climate change impacts are quantified using results from the GCM-RCM combination ECHAM5-RACMO2 forced by the SRES climate scenario A1B for the period 2071-2100. Two methods are used for bias correction of precipitation; the Distribution-Based scaling (DBS) method and the Delta Change (DC) method. Furthermore, two methods are applied to account for the effect of increasing CO 2 -levels on transpiration. Hydrological model outputs, such as minimum stream flow, as well as yearly irrigation volumes are used as indicators and compared. The novelty of this study lies in the application of detailed gridded land use data and the focus on quantifying the extreme low flow situations, in order to assess the impact of downscaling method in the driest periods of the year.
Methods

Climate data
This study focuses on the changes from the current climate, represented with a 20 yr control period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) to the far future climate, represented with a 30 yr climate change period (2071-2100).
Observed climate
Observed climate data is available for the time period 1991-2010. The grid based precipitation data at 10 km resolution produced by the Danish Meteorological Institute (DMI) (Scharling, 1999) was catch corrected using the dynamic approach proposed by Allerup et al. (1997) . The Allerup model was developed for unshielded Hellman rain gauges, on which the Danish rain gauge network is based. Catch correction factors are estimated on a daily basis using air temperature, rainfall intensity, and wind speed to ensure that short-term variation and inter-annual variations in the catch deficiency are captured. A detailed description of the implementation of the method is available in Stisen et al. (2011) . Reference evapotranspiration (ET) and temperature is based on the national daily 20 km grid data produced by the Danish Meteorological Institute (DMI). Reference ET is calculated using the Makkink equation adjusted for Danish conditions (Scharling, 2001) given by
where ET m is reference evaporation (mm day −1 ), λ is the latent heat of vaporization (2.465 MJ kg −1 ), γ is the psychrometric constant (0.667 hPa°C −1 ), ß M0 + ß M1 are empirical constants (0 and 7), is the slope of the vapour pressure curve (hPa • C −1 ), and S i is global radiation (MJ m −2 day −1 ).
Climate model projections
Projected climate comes from the EU project ENSEMBLES, which pairs multiple GCMs (global circulation models) and RCMs (regional climate models) to generate a matrix of transient climate change simulations for the European region . The ENSEMBLES project focuses on the A1B emissions scenario as formulated by the UN Intergovernmental Panel on Climate Change (IPCC) in their fourth assessment report (IPCC, 2007b) . This scenario contains a more integrated world, with a rapid economic growth and a quick spreading of new technology as well as significant convergence in income and way of life between regions. In the A1B scenario, the global population and the global emission of greenhouse gasses are expected to peak approximately in 2050, after which it will decline. It is very much a mid-severity scenario, in the sense that it predicts a moderate increase in the emission of global greenhouse gasses and thus positions itself in between the other scenarios described in IPCC (2007b) . For this reason, as of 2010, the Danish Ministry of Climate and Energy is recommending that Danish municipalities use the A1B scenario as a basis for their climate adaptations. We use one model pairing from ENSEMBLES, based on the ECHAM5 GCM developed by the Max Planck Institute for Meteorology (MPI), and the RACMO2 RCM developed by the Royal Netherlands Meteorological Institute (KNMI) as we found ECHAM5-RACMO2 to be a median model of climate change for the Danish region. The "future" scenario in this study refers to the far future period 2071-2100. This period was chosen, rather than a period closer to the present, because the change in the climate is expected to be more pronounced at the end of the 21st century, meaning that actual climate changes are more distinguishable from natural interannual variability in the climate models (Bates et al., 2008) .
From the RCM we get direct outputs of including precipitation (P ) and temperature (T ) at 2 m above ground, and the variables needed for calculating ET ref (temperature minimum and maximum, incoming long and short wave solar radiation, relative humidity, and wind speed) all on a 25 km grid over a common European region. Actual evapotranspiration (ET act ) is a direct RCM output, but the simplified representation of land-surface processes including irrigation which is not accounted for makes ET act values inadequate as hydrological modelling inputs. Therefore, it is common practice to apply the socalled PET approach to estimate ET act using empirical formulas and output variables from the RCMs (van Roosmalen, 2009; Ekström et al., 2007) .
ET ref is estimated using the FAO Penman-Monteith equation (Allen et al., 1998) and RCM output:
where ET p is the reference evapotranspiration (mm d −1 ), R n is the net radiation at the crop surface (MJ m 2 d −1 ), T is the mean daily temperature at 2 m height ( • C), u 2 is the wind speed at 2 m height (m s −1 ), e s -e a is the saturation vapour pressure deficit (kPa), is the slope of the vapour pressure curve (kPa°C −1 ), and γ is the psychrometric constant (kPa°C −1 ). Note that this description of the reference ET refers to a hypothetical reference crop with a height of 0.12 m, a surface resistance of 70 s m −1 , and an albedo of 0.23.
RCMs have a systematic wet bias resulting in low intensity precipitation on a high number of days, which is commonly corrected so the frequency of dry days in the climate model reference period is equivalent to the frequency in the observations (Gutowski et al., 2007) . On a seasonal basis, we calculate a cut-off value in the RCM reference period corresponding to the realistic percentage of dry days in the observations, and correct data both within and outside of the reference period, where values below the cut-off are set to zero. Finally, T , dry-day corrected P , and estimated ET ref are interpolated from the 25 km ENSEMBLES grid to the corresponding 10 km observational climate grid.
Because of systematic biases between the RCM simulation of the historic climate and the observed climate, it is necessary to use a bias correction method to construct the climate forcing data for the hydrological model (Jones et al., 2004) . To compare the influence of this bias correction method, both the delta change method (Hay et al., 2000) and 4678 J. Rasmussen et al.: Impact of bias-correction method the Distribution-Based scaling method (Piani et al., 2010) are used to generate future climate forcing data.
The delta change (DC) method consists of simply perturbing baseline climatic data using monthly change factors which are calculated from the differences in atmospheric output from the RCM for the current climate and the scenario (future) period. Using the DC method, a historic 20 yr time series, from 1991 to 2010 (here denoted "current"), of meteorological data (precipitation, reference ET and temperature) are perturbed to emulate the 30 yr future period 2071-2100. For flux variables (P and ET ref ) relative change factors are applied, whereas for the state variable T , absolute change is applied. The DC method for precipitation can be formulated as P (i, j ) = P (j ) · P obs (i, j ); i = 1, 2, . . . .31; j = 1, 2, . . . .12
where P is the precipitation after perturbation using the change factor (i.e. the input to the hydrological model) and P obs is the observed precipitation in the historic period. The suffixes i and j stand for the day and the month, respectively. P is the DC factor which is calculated as follows
where P (j ) is the precipitation for the j th month, averaged for the entire period of either the future or the current scenario. The same method is used for ET ref , while temperature bias correction is based on the absolute change and thus the DC method can be formulated as:
T (i, j ) = T obs (i, j ) + T (j ); i = 1, 2, . . . .31; j = 1, 2, . . . .12
where the DC factor, T , is defined as
Distribution based scaling (DBS) is an emerging bias correction method for precipitation that preserves mean amounts and also scales based on daily intensity. The DBS method has been implemented and well documented for precipitation over Europe (Piani et al., 2010) , Sweden (Yang et al., 2010) , and Denmark (van Roosmalen et al., 2011) . Unlike the DC method, which only transfers mean changes, the DBS method is able to capture projected changes in the entire precipitation regime, including changes in mean, variability, frequency, and intensity.
A gamma distribution provides a good theoretical representation of precipitation intensity, as well as other meteorological variables that are asymmetrical and positively skewed (Wilks, 2005) . The gamma distribution is defined by two parameters, the shape parameter alpha (α) and the scale parameter beta (β). On a seasonal basis a PDF of the gamma distribution is first fit to daily P (mm) in the observations data set, then to the RCM data in same reference period, and finally, future RCM precipitation is corrected using the gamma distributions from the two data sets. Initially, there was difficultly capturing variance in the observed precipitation, suggesting that extreme values (upper and lower tails) cannot be represented with a single gamma distribution. Therefore, a double gamma distribution split at the 95th percentile is used similar to Yang et al. (2010) . Ultimately, there are two sets of parameters describing P above and below the 95th percentile for the observations and the RCM, which are used to correct RCM daily future P according to the following method:
where P corr is the bias corrected RCM daily P in the past and future periods, f is the PDF of the gamma distribution, and f (α ctrl , β ctrl , P RCM ) is the probability of the value P RCM estimated from the PDF fitted to the RCM control period gamma distribution. ET ref for the current climate was not able to fit a single or double gamma distribution, therefore, a monthly error bias method was used on T and ET ref since they are closely tied.
Scenarios
In this study four model scenarios are considered: current, current DBS, DC and DBS. The current scenario refers to the period 1991-2010 in which observed climate data has been used as model forcing. In the current DBS scenario, the DBS corrected climate data from the ECHAM5-RACMO2 has been used for the period 1981-2010 and in the DBS scenario the DBS corrected ECHAM5-RACMO2 data has been used for the future period (2071-2100). Finally in the DC scenario, the DC factors for the future period has been applied to the observed data to obtain a 20 yr data series representing 30 yr statistically. The current scenario thus forms the basis for evaluating climate changes with the DC method as the current DBS scenario does for the DBS method.
Evapotranspiration and CO 2
Experimental studies have shown that rising CO 2 levels will lead to a reduction in evapotranspiration as the stomatal opening of plants is reduced (Medlyn et al., 1999; Krujit et al., 2008) . This will lead to a higher water use efficiency in crops, reducing the need for irrigation making a larger fraction of precipitation available for runoff and recharge, thus mitigating the effects of the reduced summer precipitation. Several attempts have been made at quantifying the effect of rising CO 2 concentration on evapotranspiration (e.g. Dijkstra et al., 1999; Conley et al., 2001; Grunzweig and Korner, 2001; Krujit et al. 2008 ). Krujit et al. (2008) found modest reductions in evapotranspiration (up to 15 % by 2100) and showed that this is likely to have a positive effect on the groundwater levels in the Netherlands.
Potential ET (ET P ) is commonly calculated from reference ET (ET ref ) using a vegetation specific crop factor, k c (Allen et al., 1998) 
To account for the CO 2 -effect, Krujit et al. (2008) proposes the introduction of a CO 2 dependent, vegetation specific correction factor, c:
The correction factor is a product of three factors related to the stomatal conductance, boundary-layer properties and transpiration share of the total evapotranspiration, respectively:
where S gs (ppm −1 ) is the sensitivity of crop conductance, g s , to CO 2 :
is the relative sensitivity of transpiration, T , to crop conductance:
and F T is the transpiration share of evapotranspiration (T /ET). S gs is in Krujit et al. (2008) estimated using observed effects of CO 2 increases on g s . Based on a literature review of publications where the decrease in g s due to CO 2 has been determined experimentally, they found that for grass and herbal crops g s is −0.093 %.
S T is in the same publication estimated from results presented by Jacobs and De Bruin (1992) where a process-based model of transpiration is coupled to a model for the atmospheric boundary layer to model the interaction between vegetation and the atmosphere. Using this method, S T is estimated at 0.15-0.20 for smooth surfaces such as grass and 0.40-0.75 for rough surfaces, such as forest. Using these values as reference points, S T for the different crop types were estimated at Grass 0.175 (throughout the year), wheat and barley 0.3 (summer) and 0.1 (winter), and maize 0.35 (summer) and 0.2 (winter).
Finally, F T is derived using the SWAP (Soil-Water-Atmosphere-Plant) model (van Dam et al., 2008) . Here, F T is estimated at 0.8 for grasslands (constant throughout the year) as well as 0.8 (summer) and 0.1 (winter) for agricultural fields.
The applied change in CO 2 concentration ( CO 2 ) is found as the increase in CO 2 concentration from 2010 (391 ppm) to the average concentration for the period 2071-2100 (665 ppm for the A1B scenario) (IPCC, 2011).
The correction factor was found by averaging the calculated CO 2 concentration for the future scenario (2071-2100), and applying Eq. (9). This yielded correction factors of 0.96 (grass), 0.94 (wheat and barley), and 0.91 (maize). Note that only the summer correction factors were used, as the winter ET is insignificant.
Hydrological model
The hydrological model used in this study is a transient, spatially distributed groundwater-surface water model based on the MIKE SHE code (Abbot et al., 1986) . This model code was chosen primarily due to the possibility for detailed description of the irrigation in the model domain, but also for the comprehensive description of the feedback between the hydrological processes. The groundwater is modelled using a three-dimensional, finite difference model coupled with a simplified linear unsaturated zone model (Yan and Smith, 1994) . Evapotranspiration is modelled using the formulation by Kristensen and Jensen (1975) . Stream flow is modelled using the MIKE 11 code, dynamically coupled with MIKE SHE, with a kinematic routing description.
Irrigation description
Irrigation is described using the so-called "single well" option (DHI, 2011), where water abstracted at a given location is applied to the surrounding area of that well. Well locations and filter depths available from the national well database Jupiter are used as input. The irrigated area for each well is based on reported areas from the municipalities of the area, where such data exist (approx. 70 % of the irrigated area of the model domain), while the remaining 30 % is simply defined by a circle with a radius of 400 m around each irrigation well, within which irrigation can take place. Numerically, irrigation is described using a demand driven scheme. Demand is calculated using the maximum allowed deficit method, where irrigation is started and stopped at user specified soil moisture deficit values. The available water for crop transpiration (AW) is defined as
where θ is the actual moisture content and θ wilting is the moisture content at the wilting point for the root zone. However, the transpiration is corrected to account for the reduction of root water uptake and transpiration that occurs at lower moisture deficit. In the model, this is included by reducing the transpiration linearly from when the AW is a fraction of 0.75 of the maximum available water content (MAW) to the wilting point. Thus, transpiration will occur at the maximum rate until this fraction is reached. Then the transpiration will decrease linearly until the wilting point is reached, at which point transpiration becomes zero. The MAW is defined as where θ field is the moisture content at field capacity. The soil moisture deficit (SMD) is thus defined as
In this study, the SMD-stop value, i.e. the SMD at which irrigation is stopped, is kept constant throughout the year, while the SMD-start value is set to 1 in the winter, implying no irrigation, and a value between 1 and the stop value in the summer to allow for irrigation to take place. These start and stop values were included in the calibration of the model, due to the impact of these values on the irrigation amount and temporal distribution.
Land use parameterization
Land use parameterization for each of the land use types are derived using the soil-plant-atmosphere model DAISY (Styczen et al., 2004) . Based on climate data and soil characteristics the seasonal development in leaf area index (LAI), crop coefficient (k c ) and root depth (RD) are produced by DAISY. While grass, paved areas, and needle leaf forest are described using constant parameters throughout the year, all other land use types are divided into a growing season (GS) and a non-growing season, and thus described using timedependent parameters.
3 Study area
Geography
The study area is located in the southern part of the Jutland Peninsula in western Denmark (Fig. 1) . The area includes the upstream part of the Vidaa River catchment with an area of approx. 850 km 2 . The topography of the area displays a gentle sloping from the east (approx. 70 m a.s.l.) to the west (approx. at sea level). The catchment is bounded to the east by the Jutland Ridge and by local water divides to the north, south, and east. The area is largely rural, with only a few small towns present, the two biggest being Rødekro (population 6000) and Tinglev (population 2800). The catchment is intensely farmed and has a high degree of irrigation. The catchment is well monitored in terms of stream discharge, irrigation amounts and groundwater hydraulic head, and therefore forms a good platform for assessing the impact of climate change on stream flow and irrigation demands.
Geology and soil characterization
The location of the main ice border of the Weichselian glaciation divides the upper sequence of the Quaternary deposits of Jutland into an eastern part with mainly clayey and sandy tills and a western part dominated by melt water sand and gravel. The Vidaa River catchment is primarily located to the west of the main ice border. Marine inter-glacial sandy clay deposits are also present in the Quaternary sequence of the western part of the area. The thickness of the Quaternary deposits varies largely . Miocene sediments are found directly below the Quaternary deposits. The Miocene sedimentary sequence is dominated by shallow marine to lacustrine and fluvial deposits. The sequence is formed by layers of mica clay, silt and sand together with quartz sand and gravel. The thickness of the deposits varies from few meters to over 200 m from east to west. Generally, the Miocene sediments are assumed to be coarser to the east (Harrar and Henriksen, 1996) . Thick clay layers of Eocene and Paleocene age are situated below the Miocene sediments. These formations are assumed to act as impermeable boundaries to flow and are therefore not included in the model. The geological model used in this study is predominantly based on lithological information from water supply and oil exploration boreholes in combination with geophysical surveys. The subsurface was described using five different hydrofacies: quaternary sand and clay, and Pre-Quaternary mica sand, mica clay, and quartz sand.
Based on texture data the topsoil is described using nine soil types (Greve et al., 2007) , Fig. 1 . Spatially distributed maps of soil hydraulic properties by Greve et al. (2007) are used to estimate average values of field capacity and wilting point for each soil type (Table 1) .
Climate and hydrology
The area has a temperate coastal climate with maximum precipitation in the autumn and minimum precipitation in the spring. The weather is greatly dependant on the wind direction due to the proximity to both the North Sea and the European continent. However, due to the predominant westerly wind direction, winters are generally mild and summers are relatively cold. Rain is frequent, but rarely intense, and the annual precipitation amounts to approximately 1000 mm per year (Fig. 2) . The winter precipitation is dominated by extratropical storms from the southwest, while the summer precipitation is greatly influenced by convective rain events. As a result, the most intense precipitation events generally occur from June to August, with rainfall intensities typically reaching up to 30-40 mm per day. The average annual temperature is 8.7 • C, with a maximum of 16.9 • C in August and a minimum of 1.8 • C in January. Mean reference ET in the area is approximately 565 mm per year (calculated using the Makkink equation adjusted for Danish conditions). Due to predominantly sandy soils in the area and low rainfall intensities, overland flow is limited. Hence, the majority of the net precipitation in the area recharges the groundwater system and leaves the catchment through the streams which are primarily fed by groundwater and drainage flow.
Land use
Based on data from the local authorities, land use (Fig. 3) is divided into four categories: Grass (21 % of the total area), forest (6 %), paved (2 %), and the dominating agriculture (78 %). The agriculture is divided into four subcategories; winter wheat, summer barley, grass, and maize. Grass and barley are the most common crops at 33 % and 31 % of the total agricultural area, respectively, followed by wheat (21 %) and maize (16 %). Parameterization of the individual land use types are given in Table 2 .
Model setup and calibration
The model domain used in this study (i.e. the Vidaa River catchment) is a sub-catchment of the Danish national water resource model (the DK-model), and the model setup is similar to the setup of the DK-model. For a detailed description of the DK-model construction, see Henriksen et al. (2003) , Sonnenborg et al. (2003) , and Stisen et al. (2012) . The model domain is delineated at the groundwater divides, which are identified using the DK-model of which the Vidaa River catchment is a subset. All boundaries are specified with a zero-flux boundary condition. A 200 m grid is used for the horizontal discretization and the groundwater zone is described by 10 computational layers. The geological model is voxel based, using voxels with a Fig. 2 . Mean monthly precipitation in the Vidaa catchment for the current climate, as well as for the future period using both the DC method and the DBS method respectively. horizontal extent of 1 × 1 km and a thickness of 10 m. Each geological voxel is assigned a geological unit based on the geological model for the area.
Calibration
The calibration scheme used in this study is based on the PEST optimization software (Doherty, 2004) , which is a commonly used, model-independent nonlinear estimator. Similar to the DK-model calibration , the Gauss-Marquadt-Levenberg local search optimization scheme is used to optimise the parameters of the Vidaa catchment model. The basic setup of the calibration scheme is almost identical to the comprehensively described setup of Stisen et al. (2011) , in which an adjacent catchment area was modelled using a similar model code and with comparable data availability. The reader is therefore directed to this publication for a more detailed description of the calibration approach.
A total of 28 parameters are included in the optimization, of which 8 are free and the remaining 20 are tied to the 8 free parameters at a fixed ratio ( Table 3 ). The free parameters for calibration are chosen based on a sensitivity analysis. The ratios between the individual tied parameters and free parameters are fixed at the ratios between the initial values of the same parameters.
Available observations to calibrate the model against are (a) 4 stream discharge time series, (b) 9 hydraulic head time series, (c) 170 point hydraulic head observations, (d) 572 observations of mean hydraulic head based on time series with few data, and (e) reported yearly amounts of irrigation from the local authorities. Of the stream discharge observation series, one is located at the catchment outlet and one is located downstream of the central branch, and both thus represent subcatchments of significant sizes. The two other stations were located further upstream on the northern and southern branch respectively, representing smaller subcatchments. Calibration is carried out for the period 1992-2003. (Table 3 ). ** LAI is 5.0 for the last two months of the GS. DOST = Dependent on Soil Type (see Table 3 ). The optimised parameter estimates (Table 3) all fall into realistic ranges and are considered to be reliable.
Evaluation of model performance
Evaluation of the model performance is based on the Nash-Sutcliffe coefficient, R 2 NS , and the yearly irrigation amounts. The model shows a good performance for the two stations with the largest catchments, with R 2 NS of 0.89 (at the catchment outlet) and 0.75 (on the central branch), and a poorer performance for the stations with smaller catchments (R 2 NS of −0.02 and 0.07). The hydrographs reveal that the discrepancy between the observed and modelled stream discharge at the smaller stations is small in the summer months, leading to the conclusion that the model performs well for the large subcatchments for the entire year, and acceptable for the smaller catchments in the summer months. This is underlined by the R 2 NS calculated for the summer months (0.15, 0.72, 0.83, and 0.91 for the four stations, respectively), and by visual inspection of the hydrographs which showed a good performance with regards to low flow, but difficulties in capturing peak flows.
The observed and simulated irrigation amounts are presented in Fig. 4 . The model has a tendency to slightly underestimate the yearly irrigation, as the mean of the modelled yearly irrigation is 23 mm compared to the observed 25 mm. This tendency is particularly clear in years with relatively high amounts of irrigation (e.g. 1995-1997) . The year 1992 was a particularly dry year, which explains the modelled high irrigation amount, and it is likely that the observed amount for that year is lower than the actual irrigation. The data on irrigation is based on voluntary registrations from the farmers and the uncertainty on these data is estimated to be relatively high. Hence, the match presented in Fig. 4 is considered satisfactory. 
Results
The impact of climate change on irrigation and low stream flow are evaluated primarily based on model outputs of mean and maximum yearly irrigation, as well as mean stream flow, minimum flow and median minimum flow, where the latter is defined as the median of annual minimum daily discharge. While the irrigation amounts are defined as irrigation (in mm) on the agricultural areas, the stream flow values will be presented for four stations on the stream network (Fig. 5) . Station Vidå is located at the most downstream point of the stream network, and as such integrate over the entire model domain. Arnå station is located on the northern branch of the stream network, with a catchment that is characterized as moderately irrigated. Grønå station is located on the middle (eastern) branch of the network with a catchment that is heavily irrigated. Finally, Sønderå station is located on the southern branch, with a catchment that is significantly less irrigated than both the Grønå and Sønderå catchment.
To isolate and clarify the effects of bias correction method on the expected climate changes, the results for the future scenario obtained using the DBS data (i.e. the DBS scenario) is compared to the current results also using the DBS data (i.e. the current DBS scenario). Likewise, the results obtained using the DC data (i.e. the DC scenario) is compared to the results obtained using the observed climate data (i.e. the current scenario).
Comparison of climate data
All climate data indicators seen in Table 4 for the current and current DBS scenario are comparable. The mean yearly precipitation of the current DBS scenario is within 2 % of the current scenario while the 5-percentile precipitation of the current DBS scenario is overestimated by 5 %. In Fig. 6 the cumulative frequency distribution of the two scenarios is Table 4 . Precipitation and reference ET in the Vidaa catchment area for the current and the future scenario, using the DC method and the DBS method respectively. Note that the term "summer" is in this study defined as the months of May, June, July, and August. shown. The mean yearly reference ET of the current DBS is 1 % higher than current while the 95-percentile reference ET is 6 % higher than for the observed data. Overall, the current DBS data match the statistics of the observed data satisfactorily. The mean annual precipitation and reference ET in the Vidaa River catchment increase slightly when comparing the future climate to the current, as seen in Table 4 . This trend is similar using both the DC and the DBS method, although the variability in reference ET is higher for the DBS method. The 5-percentile yearly precipitation for both the DC and the DBS method increases by 8 %, compared to the current and current DBS 5-percentile yearly precipitation. While the mean summer precipitation is expected to decrease by 9 % and 11 % in the DC and the DBS method, respectively, the 5-percentile summer precipitation highlights the difference between the two bias correction methods. The DC method predicts a decrease in the 5-percentile summer precipitation of only 8 %, while a decrease of 28 % is found for the DBS method. This difference is also reflected in the standard deviation of the summer precipitation, which is significantly higher for the DBS method than for the DC method, illustrating that the inter-annual variation in summer precipitation is Fig. 7 . Cumulative histogram of the number of dry days per summer for the current scenario as well as for the future scenario (DC and DBS methods, respectively). significantly higher when the DBS method is used. A further inquiry into the temporal distribution of precipitation reveals that while the mean summer precipitation is almost similar in the DC and the DBS method, the DBS method predicts significantly drier summers than the DC method and a higher frequency of dry summers (Fig. 6) . The DBS method predicts that approx. 25 % of summers will see less than 200 mm of precipitation, as opposed to 5 % predicted using the DC method.
The number of dry days per summer, where a dry day is defined as P < 1 mm day −1 , differs significantly when comparing the two bias correction methods (Fig. 7) . While the mean summer has approximately 73 dry days in the DC method, similar to the current scenario, the DBS method predicts 80 dry days in the mean summer (future scenario), an increase by 6 days compared to current DBS. The discrepancy is even more obvious in the extremes of the distribution, with the DBS predicting up to 109 dry days, compared to the 90 days predicted by the DC method. The higher number of dry days indicates that the length of dry periods increases both on average and for dry summers using the DBS method. This clearly illustrates the shortcomings of the DC method, as it is not able to modify the number of dry days since the future precipitation is simply found as a fraction of the current precipitation.
Irrigation
The irrigation indicators are presented in Table 5 . Irrigation amounts are predicted to increase in the future for both methods. The mean yearly irrigation increases by 7 mm (31 %) using the DC method and 13 mm (40 %) using the DBS method. The difference between the correction methods is even more pronounced when looking at the 95-percentile yearly irrigation, which increases by 9 mm (18 %) and 49 mm (106 %) for the DC and the DBS methods, respectively. The discrepancies between the results obtained using the two methods suggest that while the DC method may reproduce the mean climate satisfactorily, it is not able to include the change in inter-annual variability of these factors nor the change in dynamics within the year. This is further underlined by the results on the 95-percentile and standard deviation of the irrigation, both of which are significantly higher for the DBS method than for the DC method. In Fig. 8 the cumulative distributions for annual irrigation amounts show that while the DC method only results in a shift to slightly higher irrigation amounts compared to the current climate, the curve for DBS has a significantly different shape with much higher irrigation values, especially at high frequencies. Figure 9 reveals that the basic bell shaped distribution with the bulk of irrigation taking place in June and July is similar in both the current and the future scenario. In the current scenario, 65 % of the yearly irrigation takes place in June and July, while the corresponding values for the future scenario are 66 % (DC) and 73 % (DBS).
Stream flow
In order to differentiate between the effects of climate change alone and the additional effects of changes in irrigation, two scenarios were carried out with the hydrological model where irrigation initially was inactive and active in subsequent simulations. In Table 6 , mean, median minimum and 5percentile discharge are tabulated for the situation where irrigation is not applied. Hence, the differences in discharge between current and future climate are functions of changes in precipitation and evapotranspiration only. The mean annual discharge increases for both the DC and the DBS methods with the DBS method producing the largest increases (20 %-23 %) compared to the DC method (10 %-11 %). With respect to low flow, the two correction methods show diverging trends. The DC method generally predicts a decrease in median minimum and 5-percentile flow, while the DBS method predicts increases in most cases. This may seem surprising, considering the summer precipitation illustrated in Fig. 6 . However, low flow in the actual catchment is primarily controlled by base flow, which is a function of groundwater recharge during winter and spring. Drying out of the root zone during summer has a relatively small effect on the discharge to the streams which is controlled by interaction with the groundwater system. Of particular importance is the recharge in late spring, immediately before summer where low flow situations are most likely to occur. Figure 10 shows the spatially averaged recharge, and it can be seen that the recharge in April is significantly higher in the future scenario than in the current scenario when the DBS method is used. The same tendency is not evident when using the DC method. The increase in spring recharge thus compensates for the drier summers, resulting in increased summer stream flow in the future scenario. The impact of both climate change and the resulting effects on irrigation is presented in Table 7 . Values in parenthesis show the relative change in discharge to the scenario representing current climate without irrigation (Table 6 ). For the DC method, the trend seen in the scenario without irrigation is amplified, as the decrease in low stream flow is more pronounced due to irrigation. For the DBS method, which previously displayed an increase in low stream flow, irrigation is causing the change to become negative, resulting in a lower future median minimum and 5-percentile flow. At the Vidå station the change in Q mean is reduced from 21 % to 19 %, while the corresponding value for Q medmin is a shift from +7 % to +1 % and for Q 5 % a change from +3 % to −6 %. At the Grønå station which represents a heavily irrigated sub-catchment the change in Q 5 % is reduced from −1 % to −14 %. The changes in low flow caused by irrigation are presented in Fig. 11 . Generally this decrease is greater for the DBS method than for the DC method ( Fig. 11) , which is in line with the irrigation amounts presented in Table 5 . During the dry summers, as projected by the DBS method, irrigation becomes significant (Table 5 and Fig. 8 ) resulting in abstraction of large quantities of groundwater. Hence, less water is available for stream discharge. The DC method is not able to reproduce the future changes in inter-or intra-annual variability predicted by the climate model and therefore under predicts the effects on low flow.
The irrigation and stream flow indicators show that the DC method does not perform satisfactory in capturing the seasonal extremes of precipitation and reference ET. Therefore, the remaining results of this study are only presented for the DBS method.
Effect of CO 2 rise on ET
The stream flow indicators derived when considering the increase in atmospheric CO 2 are presented in Table 8 . They suggest that the rise in CO 2 has a dampening effect on the climate change impacts on irrigation and stream flow. All stream flow indicators show an increase due to the extra CO 2 , ranging from 5-12 %, compared to the scenarios with future climate and irrigation. Correspondingly, the mean and (Table 5 ). However, the effects are still significant for the minimum stream discharge where reductions of up to 20 % are observed. In extremely dry summers the effect of CO 2 enrichment on transpiration does not see its full potential on transpiration. The low water content of the root zone limits the actual transpiration to rates below the potential and the reduction in potential ET due to increasing CO 2 has a relatively low impact on the actual flux. Hence, the reduction in transpiration because of increasing CO 2 concentrations is not 
Discussion
While all IPCC climate change scenarios result in a future increase in atmospheric CO 2 , the uncertainty associated with the severity of this increase is significant. By choosing IPCC scenario A1B, a scenario that can be considered midsevere compared to the other scenarios commonly considered was selected. Similarly, the ECHAM5-RACMO2 combination was chosen because an initial evaluation of RCMs available from the ENSEMBLES project suggested that this model yields moderate changes to the mean and variance of precipitation, reference ET, and temperature relative to the current scenario, compared to the other RCMs available within the ENSEMBLES project. As such, it was not the intent to produce reliable estimates of the impact of climate change or the uncertainty of future changes to irrigation or low flow, but rather to investigate the possible nature of the changes. The DC method yield results on the mean behaviour of both climate and discharge which are comparable to those of the DBS method. These results corroborates with the findings of van Roosmalen et al. (2011) . The average yearly amount of days which sees precipitation are almost similar for the two methods, however, large differences are found for the summer months where irrigation is applied. Additionally, the DC method does not account for the changes in the inter-annual variability projected by the climate model, as the DBS method does, which further enhances the discrepancy between the results obtained using the two methods. This supports the findings of Yang et al. (2010) where the DBS method was found to preserve the trends in precipitation identified in the raw RCM outputs. In contrast to the DC approach, the peak flow response generated by a hydrological model was found to be sensitive to the choice of RCM when DBS was used. It was found that the DC method primarily transfers the main trends of the climate model but not the annual variability while the DBS approach is more influenced by the variability of the selected climate model. Hence, in situations where the climate model projects variations in future climate that is significantly different from the historical climate discrepancies in resulting impacts may be expected.
Most significantly in the current study, the DBS method preserves the large variability in the summer precipitation even though the mean summer precipitation is comparable for the two methods. Therefore, application of the DC method results in underestimation of the frequency of dry summers.
When forcing the hydrological model with the adjusted climate data from the two bias-correction methods without inclusion of irrigation, two diverging trends are observed in stream flow. While a decrease in low stream flow is generally predicted when using the DC method, a general increase is predicted using the DBS method. This may be counterintuitive, as the DBS predicts significantly drier summers than the DC. However, it illustrates the importance of base flow in low flow situations, as the increase in winter groundwater recharge in turn increases the low stream flow. In the study catchment, low flow in the streams is controlled by groundwater inflow and therefore the groundwater level. Since the groundwater level in the catchment depends on groundwater recharge during winter and to a lesser extent on summer climate, the differences in summer precipitation found by the two bias-correction methods have minor effects on minimum stream discharge. However, not only the amount of recharge but also the month in which the recharge occurs is important. Spring recharge, particularly the recharge that occurs immediately before low flow situations may occur, has a significantly higher impact on the summer stream flow. Figure 10 shows that average recharge in April is 260 % higher in the future scenario than in the current scenario when using the DBS method. The same number using the DC method is 25 %. This explains why an increase in low stream flow is found when using the DBS method and a slight decrease is found when using the DC method. However, for catchments where summer stream discharge is controlled by nearsurface mechanisms such as drainage flow and overland flow, the differences in variability in summer precipitation may be important.
The choice of bias correction method proved to have a pronounced effect on the irrigation and the resulting effects on low flow. Maximum annual irrigation is found to be almost twice as large for the DBS method as for the DC method. The abstraction of groundwater for irrigation impacts the low flow in the streams and large differences are therefore predicted for both median minimum and 5-percentile flow using the two bias-correction methods. Application of the DC method may result in an underestimation of the irrigation and an overestimation of low flow in the streams. Care should therefore be taken when using the DC method to evaluate aspects of the hydrological cycle that are dependent on the variability of the meteorological data.
Enrichment of the CO 2 content of the atmosphere and the effects on plant transpiration was found to have significant impact on stream flow. The reduced potential ET of the crops results in a lower need for irrigation. The observed increase in stream discharge due to the increase in CO 2 concentration corresponds to a decrease in the effects that climate changes and irrigation have on the stream flow by 50 %-65 %. The results indicate, however, that in dry periods where transpiration of the plants are limited by water availability the latent heat flux is not significantly affected by this mechanism. The effect of CO 2 on plant evapotranspiration is still highly uncertain (see e.g. Zhu et al., 2012) , and more research should be done to quantify this effect more precisely. Furthermore, the increase in CO 2 is in this study described only by limiting the transpiration of the plants. CO 2 also acts as plant fertilizer, and an increase in CO 2 could cause an increase in aboveground biomass and hence leaf area index as shown experimentally by Qiao et al. (2010) , who also found that elevated CO 2 did not have any significant effect on ET. The dynamic feedback of the plants is thus not included in this study, which could be a serious limitation. Finally, the growing season is likely to be extended in the future, which was not considered in this study either.
were taken into account by limiting the potential reference evapotranspiration of crops.
The DC method and the DBS method predict increases in mean annual precipitation and mean stream discharge of comparable magnitude, but there is a relative large discrepancy in the irrigation and low flow using the two methods. While the DC method is able to reconstruct the mean precipitation and reference ET of the simulated future climate, it is not able to reconstruct the variance. This inability results in large discrepancies in irrigation predicted by the two methods; partly due to differences in the predicted summer precipitation and partly due to differences in irrigation. As the variance of the DC method is controlled by the variance of the historical climate, it is not able to mimic the projections of the climate model, and thus underestimates the interannual variability of the future climate. This underlines the fact that when evaluating objectives that are highly dependent on the variability of the meteorological data, such as irrigation and low stream flow, the DC method is not adequate. It is in those cases necessary to use a bias correction method that takes the variability of the climate model into account. The difference in variance between the two bias correction methods does however not result in a clearly different low stream flow, as one might expect. This is due to the low stream flow in the studied catchment being a function primarily of spring recharge. The increase in late spring recharge found with the DBS method thus compensates for the drier summers and increased irrigation.
